Open Agriculture. 2017; 2: 611-624 efficiency of 75% was obtained in response to the rate of 69 kg N ha . The acceptable marginal rate of return (1618%) and highest net benefit (34141ETB ha for the variety Picaflor. In conclusion, applying 69 kg N ha -1 in three splits of ¼ at planting, 1/2 at tillering and ¼ at anthesis resulted in optimum grain yield, protein concentration and economic return of the crop.
Introduction
Bread wheat (Triticum aestivum L.) is one of the most important cereal crops cultivated on about 1.6 million hectares of land with grain production of 3.5 million tons which make Ethiopia the second largest producer in Africa (CSA 2014) . In the Tigray region of the country, bread wheat is a priority cereal crop for achieving food security and is cultivated on more than 100,175 hectares of land and has a total grain production of about 192,507 tons per annum (CSA 2014) .
Low soil fertility, especially nitrogen deficiency is one of the major constraints limiting wheat production in https://doi.org/10. 1515/opag-2017-0065 received June 21, 2017; accepted October 30, 2017 Abstract: Wheat is an important staple crop in arid and semi-arid areas of the Tigray region of Ethiopia. However, the yield and quality of the crop is markedly constrained by low soil fertility, inappropriate rate and timing of nitrogen application. Therefore, an experiment was conducted to elucidate the effect of different rates and timing of nitrogen fertilizer application on the yield, quality, and nitrogen use efficiency of bread wheat varieties during 2013 and 2014 main cropping seasons. The treatments consisted of four rates of nitrogen (23, 46, 69, and 92 kg N ha -1 ), three timing of N application (½ at sowing + ½ at tillering, ¼ at sowing + ½ at tillering + ¼ at anthesis, and 1/3 rd at sowing + 1/3 rd at tillering + 1/3 rd at anthesis) and two bread wheat varieties (Picaflor and Mekelle I) and 0 kg N ha -1 (control). The experiment was laid out as a randomized complete block design in a factorial arrangement with three replications. During both cropping years, increasing the rate of nitrogen application up to 69 kg N ha -1 significantly (P< 0.01) increased the total aboveground biomass and grain yields of the crop and decreased with further increase of applied N fertilizer. The highest aboveground biomass (6871 kg ha ), respectively . The highest apparent recovery Ethiopian highlands (Teklu and Hailemariam 2009; Fassil and Charles 2009) . The key role that fertilizer N has played in increasing crop yields as well improves the quality of grain and straw in wheat is also widely recognized (Haile et al. 2012; Yohannes 2014) .
However, reports have shown that about 50% of applied N fertilizer remains unavailable to a crop due to temporary immobilization in soil organic matter or due to losses by leaching, erosion nitrification or volatilization (Zafar and Muhammad 2007) . The essential role of N in increasing crop production and its dynamic nature and property for N loss from the soil-plant system create a unique and challenging environment for its efficient management.
Crop responses to nitrogen and plant use efficiency of nitrogen vary with rate and timing of N application in relation to plant development, cultivar and climatic conditions (Masaka 2006) . Split-application of N resulted in superior quality attributes than when the entire N was applied at once (Ooro et al. 2011 ). According to Shanahan et al. (2008) the application of total N before or at sowing results in fewer kernels per ear, ears per area and reduced grain yield due to poor synchrony. However, the use of appropriate rates, efficient timing and placement of nitrogen could increase recovery of applied nitrogen up to 70 or to 80% (Legg and Meisinger 1982) . Asnakew et al. (1991) found that application of 50 % of the total N dose at sowing and the rest at full tillering stage significantly increased grain yield as well as protein content of wheat. Mugendi et al. (2000) stated that twothirds of nitrogen fertilizer applied as basal and rest and one-third applied as top dressing at crown root initiation stage gave better grain yield and N use efficiency. Tilahun et al. (2008) concluded that split application of N, one third rate at planting and the remaining two third at mid-tillering, provided optimum wheat yield. Haile et al. (2012) and Yohannes (2014) pointed out that there was a significantly higher grain yield, N utilization efficiency and N use efficiency for grain yield when N was applied ¼ at planting, 1/2 at mid-tillering, and 1/4 at anthesis. Furthermore, variability on grain yield and protein can also be attributed to differences to cultivar genetic potential and to crop management (Ladha et al. 2005 ) and plant interactions with environmental variables (Baligar et al. 2001) .
In Tigray, fertilizer is a crucial input to maximize crop yields. Since mineral fertilizers are expensive inputs it is therefore, essential to understand the rate of applied N and time of application in the soil plant system of different production environments. Currently, the national recommended rate for cereals in the Northern Highlands of Ethiopia is 100 kg of diammonium-phosphate (DAP) and 50 kg Urea ha -1 (Elias 2002) and this is being widely used in Tigray across locations (Assefa 2006; Gebremedhin et al. 2015) . Such a blanket national recommendation is not appropriate given the differences in agro-ecological environments, indigenous soil nutrient supplies, and crop specifications (Assefa 2006) . At the same time there is a trend by farmers to apply much of the urea before the crop has sufficient root capacity for rapid uptake (personal observation). However, the relationship of timing and rate of N application to grain yield and nutrient use efficiency for wheat is not well known in Tigray in general and study area in particular. Thus; this research was designed to elucidate the effect of rate and timing of nitrogen application on nitrogen use efficiency, yield and quality of bread wheat varieties in Enderta, in the southeastern Zone of Tigray region.
Materials and methods

Description of the Experimental Site
The study was conducted in Enderta district; at a site that is located in the southeast of Tigray at 13 0 5 ' N latitude, 39 0 5 ' E longitude and an altitude of 1970 meters above sea level. The long-term average (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) annual precipitation is 522 mm while the total rainfall of the 2013 growing season was 398 mm of which 317 mm were received in the cropping season which is below the long term average. In 2014, the annual rainfall of the season was 782 mm of which 537 mm were received in the growing season ( Figure 1 ). The study site has a one-season rainfall pattern with extended rainy season from March to November with the peak season in August. The main rain season falls between June and September, during which about 83% of the annual rainfall occurs.
Experimental Materials
Two bread wheat varieties namely Mekelle I and Picaflor were used. Mekelle I was released by Mekelle Agricultural Research Centre in 2011. It is a semi-dwarf variety known for its drought tolerance though it performs better under good rainfall conditions. It performs optimally at 300-500 mm rainfall and altitudes of 1980 -2500 meters above sea level. The variety takes 90-95 days to reach maturity (Hintsa et al. 2011 
Experimental design and Treatments
The field experiment was laid out as a randomized complete block design (RCBD) in a factorial arrangement with three replications. The treatments consisted of four rates of nitrogen (23, 46, 69 and 92 kg N ha -1 ) with three timings of nitrogen application 1/2 dose at planting and 1/2 at mid-tillering (T1), 1/4 at planting, 1/2 at mid tillering and 1/4 at anthesis (T2), and 1/3 at planting, 1/3 at mid tillering and 1/3 at anthesis (T3), and two bread wheat varieties (Mekelle I and Picaflor). Two additional treatments of 0 kg N ha -1 (controls), one for each variety, were included in the determination of NUE traits. The timing of N application was selected following the wheat development stage classification of Zadoks et al. (1974) .
Experimental procedures
The experimental field was ploughed thrice with local oxen-driven practices; then seed beds were manually prepared and laid out according to the experimental design. The gross plot area was 3m x 2m (6m 2 ). The distance between plots and replications was 0.5 m and 1 m, respectively. The net plot area that was used for data collection consisted of 6 rows (1.2 m) each 2.6 m in length. Wheat seed was hand drilled at the seeding rate of 150 kg ha −1 on July 17 th and 10 th of 2013 and 2014 cropping season. The full dose of phosphorus; 100 kg ha −1 TSP (46% P 2 O 5 ) and partial doses of N as urea based on the prescribed treatments were applied at sowing. However, the second and third N fertilizer doses were applied as a top-dressing at specified rates based on the prescribed timing of application. All recommended cultural practices of wheat production were adopted for the management of the experiment.
Soil sampling and analysis
Before sowing, surface soil samples (0-15 cm depth) were collected using Auger from five spots from each block to form one composite soil sample for initial soil fertility evaluation and analyzed based on the standard laboratory procedures at Mekelle soil laboratory research center.
Plant Sampling and Analysis
At crop maturity, representative samples of grain and nongrain aboveground plant parts were taken to determine straw and grain nitrogen concentration. The non-grain plant samples were rinsed with distilled water to remove soil dirt, and oven-dried at 70°C to a constant weight. The dry weight was measured using an electronic balance. The samples were ground by a rotor mill and allowed to pass through a 0.5 mm sieve to prepare a sample of 10 g. One gram of the ground sample of each treatment was subjected to digestion with H 2 SO 4 (0.1 N) containing digestion mixture (10 parts potassium sulphate and 1 part copper sulphate).The nitrogen concentration in the plant tissue was determined by the Micro-Kjeldahl digestion method. Likewise, grain N concentrations were estimated from 1 g dry samples by the digestion method of MicroKjeldahl's apparatus as described by Bremner (1965) . The laboratory analysis was done at Mekelle Soil Laboratory Center.
Data collection and measurements
At physiological maturity, plants from the net area were hand harvested close to the ground surface using sickles. The harvested plants were sun dried in open air, weighted the above ground biomass yield and then threshed and weighed to determine the grain yield for each treatment and the yield were adjusted at 12.5% moisture content. The straw yield was calculated as the difference between total yield and grain yield. Total N uptake by the straw and grains was calculated by multiplying the N concentrations by the respective straw and grain yields per hectare (kg ha -1 ). The total N uptake by the whole plant was determined by summation of the respective grain and straw N uptakes on a hectare basis as described by Woldeyesus et al. (2004) . The different nitrogen utilization efficiencies were calculated from established formulae Fageria and Baligar (2005) and Fageria and Barbosa (2007) as below:
Agronomic Efficiency (AE) -it is described as the economic production obtained per unit of nitrogen applied and was calculated as:
where, Gf is the grain yield in the fertilized plot (kg); Gu is the grain yield in the unfertilized plot (kg), and Na is the quantity of nutrient applied (kg) Physiological Efficiency (PE) -it represents the ability of a plant to transform N acquired from fertilizer into economic yield (grain). It was calculated as:
where, Yf is the biological yield (grain plus straw) of the fertilized pot (kg); Yu is the biological yield of the unfertilized plot (kg); Nf is the nutrient uptake (grain plus straw) of the fertilized plot; and Nu is the nutrient uptake (grain plus straw) of the unfertilized plot (kg) Apparent Recovery Efficiency (ARE) -it indicates the quantity of nutrient uptake per unit of nutrient applied and was calculated as:
where, NF is the nutrient uptake (grain plus straw) of the fertilized plot (kg); Nu is the nutrient uptake (grain plus straw) of the unfertilized plot (kg); Na is the quantity of nutrient applied (kg) Utilization Efficiency (UE) -is the product of physiological and apparent recovery efficiency. (Fageria and Barbosa 2007) . Grain Protein Concentration (%): -the protein concentration of dried flour samples taken from the harvested grain yield of each treatment was calculated as % protein = % N x 5.7 (AACC, 2000).
Statistical Data Analysis
Data were analysed by analysis of variance (ANOVA) following the procedure of Gomez and Gomez (1984) using statistical procedures of SAS version 9.1.2. Treatments showing significant differences were subjected to Fisher's protected least significant difference (LSD) test for mean separation at 5% level of significance. Homogeneity of variances was also evaluated using the F-test as described by Gomez and Gomez (1984) . Since the F-test showed non-homogeneity of the variances of the two years for most of the agronomic parameters, separate analysis was used.
Partial Budget Analysis
Economic analysis was performed following the CIMMYT partial budget methodology (CIMMYT 1988) . Economic analysis was performed using the prevailing average market prices for inputs at planting and for outputs at the time of crop harvest. The average local market price of wheat was 11.29 Birr kg ), Transportation and application cost was 10 Birr /100 kg. (1 USD is equivalent to 23 Ethiopian Birr) The net benefit (NB) was calculated as the difference between the gross benefit (GB) and the total cost that vary (TCV). Actual grain and straw yield was adjusted downward by 10% to reflect the difference between the experimental yield and the yield farmers would expect to get from the same treatment. All costs and benefits were based on the average of the two years. Percent marginal rate of return (MRR) was calculated as changes in net benefit (raised benefit) divided by changes in cost (raised cost).
Results and discussion
Soil Physico-chemical Properties of the experimental site
The soil of the study area is Vertisol with a particle size distribution of 47% clay, 29% silt, and 23% sand, which is of clay texture according to the rating of Rowell (1994) . The high clay content may indicate better water and nutrient holding capacity of the soil. The soil reaction is neutral Tekalign (1991) . According to FAO (2008) the suitable pH range for most crops is between 6.5 and 7.5 in which N availability is optimum. Wheat grows under a wide range of soil pHs; with permissible ranges of 5.5-7.0 (Gooding and Davies 1997). This indicates the suitability of the soil reaction at the experimental site for optimum growth and yield of most crops including wheat. Based on the limit set by Hazelton and Murphy (2007) , the cation exchange capacity of the soil is high (37 cmolc (+) kg -1 soil) indicating its better capacity to retain the cations. Furthermore, the soil had a low organic matter (1.11%) content indicating low potential of a soil to supply N (Tekalign 1991) and low in available Olsen P (4.77mg kg -1 ) (Cottenie 1980) , showing that the available phosphorus and total nitrogen content are inadequate for production of wheat.
Effect on Grain and Total aboveground Biomass yield
The results of the study revealed that, in both cropping years, increasing the rate of nitrogen application up to 69 kg N ha -1 increased the grain yields and total aboveground biomass of the crop significantly (P<0.01) and decreased with further increase of applied N fertilizer ( Table 1 ). The overall increase in grain yield in response to increasing the rate of nitrogen fertilizer from 23 kg N ha -1 to 69 kg N ha -1 amounted to 159% and 96% in 2013 and 2014 cropping season.
Concomitant with the results of this study, higher grain yields in response to increased application of nitrogen fertilizer were also reported by Genene (2003) Means of the same parameter in a column followed by the same letter are not significantly different at P = 0.05 according to Fishers Protected LSD test average wheat grain yield of about 1.5 tons ha -1 by applying the blanket (national) recommended fertilizer rates of 41 kg N + 46 kg P 2 O 5 (Elias 2002) . This indicates that the rate of nitrogen fertilizer recommended nationally for wheat production is sub-optimal and needs to be increased to 69 kg N ha -1
. Even under the nationally recommended rates, the yields obtained in this experiment were higher than the average yield obtained by the farmers. This difference might be attributed to less optimal management practices that the farmers are using such as applying higher doses of N at sowing, which results in a poor synchrony of the available N in the soil and the high need of the nutrient for uptake by the plant.
Likewise, increasing the rate of nitrogen application from 23 to 69 kg N ha -1 increased the total above ground biomass yield of the crop by about 151% in 2013 and 91% in 2014 cropping year. The increment in the total aboveground biomass yield could mainly be attributed to the predominant role that nitrogen plays in enhancing the physiological functions of plants through promoting leaf expansion, photosynthesis, and dry matter accumulation. Fageria (2007) also reported findings indicating improvements associated with rapid vegetative growth and canopy development.
Increasing the rate of nitrogen fertilizer from 69 to 92 kg N ha -1 decreased both grain yield (by 17% in 2013 and 12% in 2014) and the total above ground biomass yield (by 16% in 2013 and 11% in 2014) of the crop during both years indicating that the optimum yield was already attained at the rate of 69 kg N ha -1 . Reduction of grain yield with a further increment in applied N level above 69 kg ha -1 might be attributed to excess vegetative growth accompanied by decreased number of grains and kernels weight (data not shown) traits that contribute to total grain yield. Yang and Zhang (2006) have reported a decrease in grain yield with the application of higher doses above 150 kg N ha -1 caused by excess vegetative growth, decreased number of grains per spike and delayed senescence that may have resulted in low rates of grain filling.
Though yields were better during the 2014 cropping season with relatively adequate moisture, the 92 kg N ha -1 did not bring a significant yield advantage over the 69 kg N ha -1
. In this study, 69 kg N ha -1 can be considered as optimum for both grain yield and total aboveground biomass of wheat in both years. Similar results were reported by Damene (2003) on clay soils of south the eastern Arusi zone, while Bereket et al. (2014) reported that 46 kg N ha -1 was optimum on the sandy soils of the Hawzen district of Tigray. In contrast to this, application of more N (120 kg N ha -1 ) and as high as 276 kg N ha -1 was reported to increase wheat yield further in South eastern and North western highlands of Ethiopia, respectively (Haile et al. 2012; Fekremariam et al. 2014) . This implies that the response of crops to applied fertilizers varies from one site to another due to different conditions, mainly rainfall and soil fertility status (Al-Kaisi and Yin 2003) . Thus, such interactions should be taken into account when developing fertilizer recommendation packages for a particular area. With regard to time of application, application of nitrogen in three split doses of 1/4 at sowing, ½ at tillering, and the remaining 1/4 at anthesis increased the grain yield by 9.2% in 2013 and by 9.5% in 2014 as compared to the application of nitrogen fertilizer in two equal doses of ½ at sowing and the other ½ at tillering. The increases in the total aboveground biomass yield for the aforementioned application time were 8.9% in 2013 and 6% in 2014. The increase in the magnitude of both yields might be attributed to enhanced synchronization of the demand of the plant for uptake of the nutrient during the active tillering growth period, resulting in higher photosynthesis and in turn, in higher assimilate production for grain filling. Similarly, Fageria and Prabhu (2004) reported that split application of nitrogen reduces the chance of N losses due to leaching, denitrification, and runoff.
Reduction of the grain yield with the application of nitrogen in the three split doses of 1/3 rd at sowing, 1/3 at tillering, and the remaining 1/3 at anthesis and application of nitrogen in two split doses of ½ at sowing, ½ at tillering as opposed to 1/4 at sowing, ½ at tillering, and the remaining 1/4 at anthesis might be attributed to higher rates of application during planting but not taken up by the plant.
The results of this study clearly posits that shifting away from high applications at planting and applying more of the N at tillering and some proportion at later stages in the season has merit for improving yield. These results are in agreement with the findings of Haile et al. (2012) who obtained optimum growth and yield of bread wheat in response to three split doses of 1/4 at sowing ½ at tillering, and 1/4 at heading in south eastern highlands of Ethiopia. In other studies, Tilahun et al. (1996) reported higher grain yields due to the 1/3 and 2/3 split application of N at planting and mid-tillering relative to application of urea all at planting and mid-tillering stage of wheat crop. Tilahun et al. (2008) also reported for wheat grown in southeastern Ethiopia that two split application of nitrogen ½ at planting and ½ at tillering resulted in significantly higher grain yield than one-time application of the fertilizer.
Furthermore, the variety Picaflor out-yielded Mekelle I in terms of both grain yield and total aboveground biomass. Thus, the grain yield of this variety exceeded that of Mekelle I by 15% in 2013 and by 13% in 2014. Similarly, the total above ground biomass yield of Picaflor exceeded that of Mekelle I by 16% in 2013 and by 13% in 2014 growing seasons. Despite the seasonal variation, Picaflor was found to be superior in growth and yield performance as compared to Mekelle I which might be associated with its better genetic yield potential and higher N uptake efficiency as compared to variety Mekelle I. Consistent with this result, Fageria and Baligar (2005) stated that higher N uptake is positively associated with higher grain yield of wheat and barley.
Effect on Nitrogen Use Efficiency
Agronomic efficiency (AE)
Nitrogen rate and time of N application interacted to significantly influence agronomic efficiency of wheat in 2013 and their main effect in 2014 (Table 2a and , was recorded at application rates of 46 kg N ha -1 with application of nitrogen in three split doses of 1/4 at sowing, ½ at tillering and 1/4 at anthesis (Table 2a ). There was, however, no statistical difference (i.e. P>0.05) with the application rates of 69 kg N ha -1
. This treatment improved efficiency with the concept of providing N at the time of maximum uptake which resulted in a higher proportion of dry matter and grain portion of the plant while, the application of high N rates at planting may result in poor N uptake and low AE due to excessive N losses.
In 2014, the values of agronomic efficiency varied from 27kg kg -1 at application rate of 92 kg N ha -1 to 34 kg kg , but decreased progressively as the rate increased (Table 2b) . Thus, increasing the rate of nitrogen from 23 to 46 kg N ha -1 increased agronomic efficiency of wheat by 17%. The successive increase in the levels of N from 46 to 69 and further to 92 kg ha -1 showed reduction of AE of wheat by 17% and 13%, respectively.
Increased AE at the rate of 46 kg N ha -1 could be due to the high yield increment per unit of N applied. Fageria and Baligar (2005) also reported that high agronomic efficiency is obtained if the yield increment per unit N applied is high because of reduced losses and increased Agronomic efficiency for cereals grown in the tropics from field studies has been reported to range from 10 to 30 kg grain produced per kg of applied N (Dobermann 2005) . The values higher than 30 indicate efficiently managed systems. Accordingly, the agronomic N efficiency obtained in this study can be considered as high.
Agronomic efficiency of wheat significantly (P<0.01) responded to time of application as well. Application of nitrogen in three split doses of 1/4 at sowing, ½ at tillering and 1/4 at anthesis resulted in the highest agronomic efficiency of the crop. Compared with application of nitrogen in three split doses of 1/3 at sowing, 1/3 at tillering, and 1/3 at anthesis, the application of nitrogen in three split doses of 1/4 at sowing, ½ at tillering, and 1/4 at anthesis increased agronomic efficiency by 20%. In both seasons, nitrogen application with 46 kg N ha -1 and application of nitrogen in three split doses of 1/4 at sowing, ½ at tillering and 1/4 at anthesis recorded highest agronomic efficiency of the crop. Highest AE was recorded in 2014 where the seasonal rainfall was higher, allowing little stress to wheat development until later stages to greatly influence its efficiency. This result is in agreement with Asseng et al. (2001) who reported that better water supply is the most important factor for achieving high NUE in wheat. Nonetheless, the varieties showed nonsignificant difference for AE but numerically Picaflor showed better efficiency at both seasons.
Physiological efficiency (PE)
Nitrogen rate and time of N application interacted to significantly influence physiological efficiency of wheat in 2013 (Table 2a) ) at the application rates of 23 kg N ha -1 when applied in three split doses of 1/3 at sowing, 1/3 at tillering, and the remaining 1/3 at anthesis. Application of nitrogen in three split doses of 1/3 at sowing, 1/3 at tillering, and 1/3 at anthesis responded significantly lower as compared to both application times, probably less N was supplied than that required by the crop during high demand and less efficient use of N from the higher N rate with higher proportion applied at anthesis.
In 2014, the physiological efficiency significantly (P<0.01) responded to nitrogen rates (Table 2b ). However, physiological efficiency was unaffected by time of application probably due to soil and climatic factors. The highest physiological efficiency of 97.69 kg kg -1 was recorded with application of 46 kg N ha -1 and the lowest 76.34 kg kg -1 with application of 92 kg N ha -1
. Increasing the rate of nitrogen from 23 to 46 kg N ha -1 increased physiological efficiency by 33%. Furthermore, the physiological efficiency of wheat was found to reduce progressively as the rate of nitrogen application increased. Increasing the rate of nitrogen applications from 46 to 69 kg N ha -1 and from 46 kg N ha -1 to 92 kg N ha -1 were found Means of the same parameter in a column followed by the same letter are not significantly different at P = 0.05 according to LSD Fishers Protected Test. AE = agronomic efficiency, PE = physiological efficiency to decrease the physiological efficiency by 10% and 22%, respectively. This result is in close agreement with the studies by Zhao et al. (2006) and Haile et al. (2012) who reported that efficiency decreased with increasing N rates of 60 to 120 kg N ha -1.
The physiological N efficiency recorded in this study was found to be higher as compared to the previous reports in the country where, PE as low as 2.74 kg kg -1 was reported by Genene (2003) , and values higher than 60 kg kg -1 indicate an efficiently managed system or low N in the soil. Accordingly, the physiological nitrogen use efficiency of the wheat crop was high in this study, indicating that the soil of the experimental site was low in nitrogen and there was good management at the experimental site.
Apparent Recovery Efficiency (ARE)
Apparent recovery efficiency of bread wheat significantly (P<0.01) varied in response to N rate, time of N application and variety in 2013 and N rate, timing, fertilizer by timing interaction (P<0.05) in 2014 (Tables 3). The highest apparent recovery efficiency of 75% was obtained with application of 46 kg N ha -1 and lowest (58%) with application of 23 kg N ha -1 . The magnitude of increase in ARE value over the 23 kg N ha -1 was 27%. With regard to timing of application, the highest recovery efficiency of 73% was obtained when N was applied in three split doses of 1/4 th at sowing, 1/2 at tillering and the remaining 1/4 at anthesis and lowest (64%) when N was applied at two split doses of ½ at sowing and the remaining half at tillering in 2013.
Furthermore, the two varieties significantly (P<0.05) varied in response to apparent recovery efficiency. The variety Picaflor had 7% higher recovery efficiency values in 2013 but, made no difference in 2014. Despite seasonal variation, variety Picaflor showed higher recovery efficiency than Mekelle I. The higher nitrogen recovery by variety Picaflor could be attributed to the ability of crops to recover and efficiently utilize N fertilizer.
Moreover, N rate and time of N application interacted to significantly influence ARE of wheat during 2014. The application of N timing in two equal split doses of ½ at sowing and half at tillering responded significantly with lower recovery at higher nitrogen rates. While the Means of the same parameter in a column followed by the same letter are not significantly different at P = 0.05 according to LSD Fishers Protected Test. ARE= apparent recovery efficiency, UE=utilization efficiency application of N in three split doses of 1/3 at sowing, 1/3 at tillering and the remaining 1/3 at anthesis had lower recovery rates at the lower rates as compared to N applied in three split doses of 1/4 at sowing, ½ at tillering and the remaining 1/4 at anthesis. The low recovery when N was applied at two split doses of ½ at sowing and half at tillering might be attributed to higher N losses by leaching or denitrification during early growth where moisture is the highest and the plant capacity to use the available nitrogen is the lowest. The results are in agreement with the study by Angus and Van Herwaarden (2001) who reported that excessive N availability early in the season pre-dispose the nitrogen applied to loss by leaching or denitrification resulted in low recovery. A similar observation was drawn by Kirda and Schepers (2001) who reported that wheat benefits more from N applied at tillering stage in the Mediterranean region. The low recovery when N was applied at three split doses of 1/3 at sowing, 1/3 at tillering and the remaining 1/3 might be due to low N was supplied than required during high demand of the crop. Apparent recovery was higher in 2014 than 2013 growing season, which could be attributed to the higher amount of seasonal rainfall of about 522 mm than about 400 mm in 2013. Doberman (2005) noted that recovery efficiency of a nutrient is mainly a function of indigenous nutrient supply, favorable climatic condition, sufficient water supply and low pest pressure.
In general the recovery efficiency obtained in this study ranged from 58 to 89%. The highest apparent recovery obtained in this study is comparable with those obtained by Amanuel and Tanner (1991) , ranging from 70 to 131% and 53% by Amsal and Tanner (2001) in the nonVertisol zones and 86% by Genene (2003) . According to Dobermann (2005) the recovery efficiency values for wheat in a well-managed system, or low level of N use, or low soil N supply, ranges between 50 -80 kg kg -1 . Similarly, Legg and Meisinger (1982) reported that not more than 50 to 60% of applied N is usually recovered under average field conditions, and efficient timing and placement of N could increase recovery of applied N up to 70 or to 80%. Therefore, apparent recovery efficiency in this study area seems to be at high range.
Nitrogen Utilization Efficiency (UE)
Timing of application and N application rate interacted to significantly influence utilization efficiency during the 2013 growing season (Table 3 ). The highest utilization efficiency of 62 kg kg -1 was obtained with the application of 46 kg N ha -1 in three split doses of 1/4 at sowing, ½ at tillering and 1/4 at anthesis with 218% increment relative to the lowest utilization efficiency of 19.17 kg kg -1 with application of 23 kg N ha -1 in three split doses of 1/3 at sowing, 1/3 at tillering and 1/3 at anthesis. The utilization efficiency obtained from the application of 46 kg N ha -1 and 69 kg N ha -1 applied in three split doses of 1/4 at sowing, ½ at tillering and 1/4 at anthesis was statistically at par. This suggests that for maximum efficiency response, the highest N rate should be applied at tillering stage which is the period of rapid uptake. It is also a period of good moisture that increases the probability of rainfall moving the N in to the root zone before the plants becomes N stressed and utilized it for crop growth. Similarly, Howard et al. (2002) reported that the efficiency of N use by wheat is maximized when fertilizer is applied shortly before the period of most rapid crop N uptake.
In 2014, the highest utilization efficiency of 78 kg kg
was recorded with application of 46 kg N ha -1 with 28% increment relative to the lowest utilization efficiency of 61 kg kg -1 with application of 23 kg N ha -1 (Table 3) . However, utilization efficiency of N decreased with increasing rate of N application beyond 46 kg N ha -1
. Increasing the rate of nitrogen from 46 to 69 kg N ha -1 decreased the utilization efficiency by 15% and increasing the rate of nitrogen from 69 to 92 kg N ha -1 further decreased efficiency by 10%. The aforementioned decrease for 2014 was 4% and 9%, respectively. Corroborating these results Haile (2011) also reported that efficiency declined sharply when N rate was raised from 60 to 90 kg ha -1 . Nitrogen utilization efficiency significantly (P<0.01) responded to timing of application. The highest utilization efficiency of 73 kg kg -1 was recorded with application of nitrogen in three split doses of ¼ at sowing, ½ at tillering and ¼ at anthesis with 16% increment relative to the lowest utilization efficiency of 63 kg kg -1 with application of N in three split doses of 1/3 at sowing, 1/3 at tillering and 1/3 at anthesis.
Furthermore, the varieties showed non-significant difference in response to utilization efficiency but, the variety Picaflor recorded numerically higher efficiency than Mekelle I. In both seasons, the highest utilization recovery was recorded at 46 kg N ha -1 . Utilization efficiency was higher in 2014 than the 2013 growing season which might be attributed to adequate moisture supply for crop growth that influenced the ability of crops to efficiently utilize N fertilizer.
Effect on Grain Protein Concentration
Grain protein concentration was found to increase with increasing N application rates (Table 4) . With increasing rate of N application from 23 to 69 kg N ha -1 , the grain protein concentration increased from 10.57% to 11.82% in 2013 and 8.97% to 9.84% in 2014 cropping season. The increase in protein concentration under higher N rates might be attributed to the high N supply that favors the conversion of carbohydrates into proteins, which in turn promotes the formation of protoplasm resulting in translocation of more nitrogen to grains and ultimately increasing the grain protein concentration (Gooding and Davies 1997) . In general, the protein concentration was found to be proportional to the availability of nitrogen and increased with increasing rates at both seasons. Similar findings were obtained by Tayebeh et al. (2011); and Haile et al. (2012) who reported that application of higher N rates resulted in maximum grain protein content. Therefore, increased N application rate is considered as the primary means of increasing wheat grain protein concentration in relation to improving human nutrition and food security in which cereal grains are the major source of protein for human consumption in the study area.
With regard to timing, the highest grain protein content of 11.54% was obtained with the application of N in three split doses of 1/3 at sowing, 1/3 at tillering and 1/3 at anthesis at all rates and the lowest protein concentration (11.07%) with application of N in two split doses of 1/2 at sowing and 1/2 at tillering in 2013. In 2014, application timing was not significant. In this study, delayed fertilizer N application increased grain protein. This is consistent with previous reports by Haile et al. (2012) who reported the importance of higher proportion of N application at mid-tillering and additional lower proportions at anthesis for enhanced efficiency of N use from applied N for protein synthesis. The lowest protein concentration obtained with application of N in two split doses of 1/2 at sowing and 1/2 at tillering was in accordance with the findings of Brian et al. (2007) who reported early N application at planting and tillering resulted in lower grain protein concentration compared to split N application up to anthesis.
However, the grain protein content was higher in 2013 than 2014 cropping season. The reduced protein content in 2014 might be due to grain yield potential increases with the higher soil moisture. During such conditions the crop will run short of nitrogen that is required for protein synthesis consequently, the protein accumulation in Means of the same parameter in a column followed by the same letter are not significantly different at P = 0.05 according to LSD Fishers Protected Test the grain is low. While in low rainfall years, when yield response to available nitrogen is comparatively low, the nitrogen taken up by the crop increases grain protein levels. In these situations, high protein grain is achieved easily as is evidenced by Agri-fact (2008) .
Partial Budget Analysis
The partial budget analysis revealed that all N fertilizer rates gave higher net benefit over non fertilized check. Furthermore, the relative net return increased with increasing N rates up to 69 kg ha -1
. The highest mean net return of Ethiopian Birr 30069.19 and 34141.28 Birr per hectare for variety Mekelle I and Picaflor was recorded at application rate of 69 kg ha -1 (Table 5 ). The marginal rate of return for Mekelle I was 777, 1313, 1383% at application rates of 23, 46 and 69 kg ha -1 , respectively. The corresponding value for variety Picaflor was 634, 1308 and 1618%, respectively. In economic analysis, it is assumed that farmers require a minimal rate of return of 100%, representing an increase in net return of at least 1 Birr for every 1 Birr invested, to be sufficiently motivated to adopt a new agricultural technology. For both varieties the application of 69 kg N ha -1 showed better returns over the lower rates.
Conclusion
Currently, the national recommended rate for cereals in the northern highlands of Ethiopia amount to 41 kg N ha -1 and 46 kg P 2 O 5 ha -1
, and this is being widely used in Tigray across all agro ecology. The results of this study indicated significant effects of N fertilizer rate and timing of application on grain yield, total aboveground biomass yield, agronomic, physiological, apparent recover and utilization N efficiencies and protein concentration.
Among the nitrogen application rates 69 kg ha -1 was found to produce higher grain and total aboveground biomass yield of both varieties as well as increased wheat grain protein concentration in both seasons. Likewise, Split nitrogen application at three doses ¼ at planting, ½ at tillering and ¼ at anthesis enhances agronomic and utilization efficiency by synchronizing timing of fertilization to the crop demand resulting into high yield.
The results of the economic analysis indicated that applying 69 kg N ha -1 resulted in the highest rate of marginal return and the variety Picaflor performed best. Therefore, 69 kg N ha -1 applied ¼ at planting, ½ at tillering and ¼ at anthesis could guarantee higher wheat yield and provided the highest economic advantage and can be suggested for the farmers in the study area. Increased N application rate is considered as a primary means of increasing wheat grain protein concentration in relation to improving human nutrition and food security in which cereal grains are the major source of protein for human consumption in the study area. 
